In the subtropical hilly areas of China, a collapsing gully, a particular type of permanent gully, poses a great threat to the productivity and sustainability of the local ecological and agricultural systems. However, few studies have been performed regarding the effects of collapsing gully erosion on soil degradation. The aim of this study was to evaluate the effects of collapsing gully erosion on soil-quality-related physical and chemical properties. The collapsing gullies that were severely affected by erosion processes were considered at three stages (initial, active and stable stages) and corresponding soil samples were collected to analyze the spatial variation of the soil physical and chemical quality at each stage. The changes in the properties were assumed to be considerable in the regions affected by the erosion process compared with those unaffected by this process. Soil physical properties were more susceptible than soil nutrients to collapsing gully erosion in different spatial locations. The soil quality index (SQI) system consists of total nitrogen (TN), total phosphorus (TP), pH, capillary porosity (CP), sand content (SA), soil cohesion (SC) and root density (RD). Collapsing gully erosion was found to affect the soil physical and chemical properties by progressively reducing the SQI. The mean SQI value was the lowest in the active stage of the collapsing gully, with a higher soil degradation. For the different spatial positions in the collapsing gullies, the scour channel showed the lowest SQI value. The limiting indicators varied in the different stages or spatial sites in the collapsing gullies.
Introduction
Soil erosion is considered as a main contributor to land degradation around the world due to its impact on the ability of soils to perform a range of functions [1] . The erosion processes can be categorized as interrill erosion (or sheet flow erosion), rill erosion, and gully erosion [2] . As a widespread phenomenon, gully erosion has become a serious land management issue in many regions of the world [3] [4] [5] . Because of the warm and humid climatic conditions in southern China, these regions are usually rainy and hot, which is beneficial to promote the weathering of bedrock and soil erosion. Collapsing gullies, a particular type of permanent gullies is widely distributed in the subtropical hilly areas of China. The main factors affecting the development of the collapsing gully include the joint structure of granite, abundant rainfall, low hilly terrain, deforestation and steeping slope planting (generally more than 26.8%) [6, 7] . These gullies usually consist of an upper catchment, collapsing wall, colluvial deposit, scour channel and alluvial fan, with the characteristics of rapid development and an annual average erosion of more than 50 kt km −2 yr −1 , which is beyond 50 times the erosion on slopes covered with high vegetation [6, [8] [9] [10] [11] . From 1950 to 2005, collapsing gully erosion affected 1220 km 2 of land in southeast China, leading to the loss of more than 60 Mt of soil; this, in turn, caused the loss of 360,000 ha of farmland, 521,000 houses, 36,000 km of road, 10,000 bridges, 9000 reservoirs, and 73,000 ponds, as well as 3.28 billion USD in economic losses that affected 9.17 million residents [12] . The erosion from collapsing gullies accelerates land degradation and environment deterioration in the corresponding regions [13, 14] .
In recent years, several studies have investigated the collapsing gully erosion in terms of dominant factors, formation mechanism, erosion processes and governance of collapsing gullies [9, 13, 15, 16] . Some researchers compared the effects of rainfall intensity and slope on colluvial deposition erosion under different experimental conditions, and discussed dominant factors and the processes of collapsing gully erosion [9, 15] . Due to low cohesion, weak structure and high erodibility, the characteristics of colluvial deposits obviously vary from undisturbed soils in the collapsing walls. A number of researchers have examined the size selectivity of eroded sediment and the erosion processes by analyzing colluvial deposits at different slope gradients and rainfall intensities [9] [10] [11] 17] . The findings of these studies can be used to illustrate the erosion processes and mechanisms of the transportation of disturbed soils with a high coarse particle content. For a better understanding of the high-steep slope of a collapsing wall and the mechanism of collapsing erosion, the engineering characteristics and preferential flows have also been investigated for the profile of the collapsing wall. Some researchers analyzed the spatial variations of shear strength and hydraulic properties in collapsing gullies and evaluated their effects on the collapsing erosion mechanism [14, [18] [19] [20] . Additionally, researchers have also investigated the variations of chemical composition and physical properties with soil depth in the collapsing gullies and found that the contents of gravel and sand increase while the amount of sesquioxides decreases with an increase of soil depth [21, 22] . Furthermore, Deng et al. [23] studied the bulk density, soil porosity, soil particles, water-holding capacity and erodibility of the collapsing alluvial fan as well as their relationships.
For the soil degradation by gully erosion, most previous studies were focused on the degradation characteristics by ephemeral gully erosion in terms of its in-situ effects on soil physical and chemical properties, key soil quality factors and soil quality degradation process [24] [25] [26] [27] . Ephemeral gully erosion has been reported to interfere with agricultural operations by reducing soil productivity [4] . In Sicily of Italy, some researchers investigated the effects of the ephemeral gully erosion and the subsequent removal process on the degradation of soil quality by infilling the ephemeral gullies [26, 28] . Qin et al. [29] have indicated that ephemeral gully erosion could affect over 70% of the inter gully areas, leading to 35-85% of total soil loss in the Loess Plateau of northwestern China. In the black soil region of northeast China, research also showed that infilling activities cause the decrease of soil depth in areas adjacent to ephemeral gullies, with the decrease of every 1 cm resulting in a 2% decrease in crop yield [25, 30] .
While some studies have shown that soil quality degradation in agricultural environments can be mainly assessed through soil physical and chemical properties [31] [32] [33] , it is also maintained that soil quality cannot be evaluated just by individual soil indicators [34] . For a better estimation of soil quality, a soil quality index (SQI) was developed and has been used extensively by combining soil physical and chemical properties into an overall index [35] . SQI can be used as a flexible model to assess soil quality and explains the status of soil degradation in a specific area [36, 37] . Studies on SQI reported that it can be as a tool to evaluate crop productivity and used to quantify the effect of land use conversion on soil quality and degradation in native rangelands of upland arid and semiarid regions [38, 39] . At present, many soil physical indicators, including bulk density, porosity and texture, and chemical indicators, including pH, cation exchange capacity, total nitrogen, available nitrogen, total phosphorus, available phosphorus, available potassium and soil organic matter, have been used to assess soil quality and observe the soil degradation process in ephemeral gully erosion regions [25] [26] [27] .
Recent literature about other region soil quality provided references for developing a standard technique for soil quality assessment [40, 41] . However, there have been rare reports about the impacts of collapsing gully erosion on the soil quality index and its spatial variation in the subtropical hilly region of China. This study could facilitate the understanding of the impacts of collapsing gully erosion on soil degradation and provide new insights on restoration management programs in this area. The objectives of this study were to (i) examine the in-situ effect of collapsing gully erosion on soil physical and chemical properties, (ii) develop a soil quality index based on a minimum data set (MDS) for estimating the impact of collapsing gully erosion on soil quality, and (iii) identify the key indicators influencing the soil quality in different collapsing gullies.
Materials and Methods

Study Area and Description of Collapsing Gullies
The investigation site is located in the Jingouxing watershed (from 26 • 10 31" N to 26 • 12 33" N and 115 • 9 3" E to 115 • 11 39" E) in the north of Gan County, Jiangxi Province, China (Figure 1) , with a warm subtropical humid climate, an annual average rainfall of 1394 mm and an annual average temperature of 19.3 • C. This watershed has an area of 10.38 km 2 and belongs to hilly region in Southern China. Soil parent material is derived from granite, which is easy to be weathered and the weathered layer is thick (15-20 m) . In this area, there are 4138 collapsing gullies, mostly hilly with round tops, poor vegetation and serious soil erosion [18] . The ecological forest and vegetation species are dominated by single species of Pinus massoniana and Dicranopteris linearis in the absence of understory vegetation. The area of soil erosion in the county is 98,000 hm 2 , accounting for 33% of the county's land area. It is a typical area that suffers from severe erosion of collapsing gullies and numerous studies have been done on this area [14, 18, 21] , thus it was selected as the study site. Recent literature about other region soil quality provided references for developing a standard technique for soil quality assessment [40, 41] . However, there have been rare reports about the impacts of collapsing gully erosion on the soil quality index and its spatial variation in the subtropical hilly region of China. This study could facilitate the understanding of the impacts of collapsing gully erosion on soil degradation and provide new insights on restoration management programs in this area. The objectives of this study were to (i) examine the in-situ effect of collapsing gully erosion on soil physical and chemical properties, (ii) develop a soil quality index based on a minimum data set (MDS) for estimating the impact of collapsing gully erosion on soil quality, and (iii) identify the key indicators influencing the soil quality in different collapsing gullies.
Materials and Methods
Study Area and Description of Collapsing Gullies
The investigation site is located in the Jingouxing watershed (from 26°10′31″ N to 26°12′33″ N and 115°9′3″ E to 115°11′ 39″ E) in the north of Gan County, Jiangxi Province, China (Figure 1) , with a warm subtropical humid climate, an annual average rainfall of 1394 mm and an annual average temperature of 19.3 °C. This watershed has an area of 10.38 km 2 and belongs to hilly region in Southern China. Soil parent material is derived from granite, which is easy to be weathered and the weathered layer is thick (15-20 m) . In this area, there are 4138 collapsing gullies, mostly hilly with round tops, poor vegetation and serious soil erosion [18] . The ecological forest and vegetation species are dominated by single species of Pinus massoniana and Dicranopteris linearis in the absence of understory vegetation. The area of soil erosion in the county is 98,000 hm 2 , accounting for 33% of the county's land area. It is a typical area that suffers from severe erosion of collapsing gullies and numerous studies have been done on this area [14, 18, 21] , thus it was selected as the study site. According to field investigation, three typical collapsing gullies were selected depending on the degree of erosion. In-situ slopes without erosion were used for comparison of soil properties among the collapsing gullies. The basic characteristics of the in-situ slopes without erosion and collapsing gullies are shown in Table 1 . According to field investigation, three typical collapsing gullies were selected depending on the degree of erosion. In-situ slopes without erosion were used for comparison of soil properties among the collapsing gullies. The basic characteristics of the in-situ slopes without erosion and collapsing gullies are shown in Table 1 . 
Soil Sampling and Laboratory Measurement
In every collapsing gully, five spatial locations were divided from top to bottom: upper catchment, upper slope, middle slope, lower slope, and scour channel ( Figure 2 ). Soil samples were collected along the slope or scour channel in the winter of 2017, and the topography of the studied permanent gullies was measured using Unistrong G970 GNSS RTK (with planimetric and altimetric precisions of 2.5 and 20 mm, respectively) at the same time, when the collapsing gullies were clearly observable and measurable after the rainfall events of summer and autumn. For soil property measurement, 8 to 10 soil samples were collected from each spatial location and a total of 150 soil samples were obtained (i.e., five spatial locations × four collapsing gullies and non-erosion slopes). Approximately 1-2 kg of soil was collected from each soil sampling site. In addition, three steel rings with a volume of 100 cm 3 (5.02 cm diameter and 5.05 cm height) were used to measure the soil bulk density (BD), capillary porosity (CP) and total porosity (OP) and six steel rings with a volume of 60 cm 3 (6.18 cm diameter and 2.00 cm height) were used to measure the soil cohesion (SC). After sealing, the soil samples were transferred to the laboratory which was well air-dried, and followed by crushing and sieving. Root density and 17 soil physical and chemical indicators were used to evaluate soil degradation and soil quality. 
In every collapsing gully, five spatial locations were divided from top to bottom: upper catchment, upper slope, middle slope, lower slope, and scour channel ( Figure 2 ). Soil samples were collected along the slope or scour channel in the winter of 2017, and the topography of the studied permanent gullies was measured using Unistrong G970 GNSS RTK (with planimetric and altimetric precisions of 2.5 and 20 mm, respectively) at the same time, when the collapsing gullies were clearly observable and measurable after the rainfall events of summer and autumn. For soil property measurement, 8 to 10 soil samples were collected from each spatial location and a total of 150 soil samples were obtained (i.e., five spatial locations × four collapsing gullies and non-erosion slopes). Approximately 1-2 kg of soil was collected from each soil sampling site. In addition, three steel rings with a volume of 100 cm 3 (5.02 cm diameter and 5.05 cm height) were used to measure the soil bulk density (BD), capillary porosity (CP) and total porosity (OP) and six steel rings with a volume of 60 cm 3 (6.18 cm diameter and 2.00 cm height) were used to measure the soil cohesion (SC). After sealing, the soil samples were transferred to the laboratory which was well air-dried, and followed by crushing and sieving. Root density and 17 soil physical and chemical indicators were used to evaluate soil degradation and soil quality. All soil samples were measured and analyzed in the summer and autumn of 2018. According to the United States Department of Agriculture classification of soil particle size, soil particle size was described in terms of the percentages of gravel (2-5 mm), sand (0.05-2 mm), silt (0.002-0.05 mm) and clay (<0.002 mm). The different fractions were determined using the pipette method after the removal of organic matter using hydrogen peroxide (6% and 0.2 mL) and heat treatment with sodium hexametaphosphate (120 • C for 1 h) as the dispersing agent [42] . Disc infiltration experiments were performed four times at pressure heads of −9, −6, −3, and 0 cm. The non-linear regression method [43] was used to calculate hydraulic conductivity (HC) based on the theoretical analysis of the 3D quasi-steady-state water flux under the infiltrometer [44] . The quadruple direct shear apparatus was used to test the saturated soil cohesion strength (LH-DDS-4, Nanjing TKA Technology Co., Ltd., Shanghai, China). All shear tests were conducted under four normal stresses (σ = 50, 100, 150 and 200 kPa) in triplicate for each pressure, and the shearing rate was set at 0.8 mm/min. Failure was taken as the maximum shear stress attained, or in the absence of a peak condition, and the shear test was usually stopped at a horizontal displacement of about 6 mm (ASTM D3080, 2004) [45, 46] . Finally, the soil cohesion (SC) was calculated according to the Mohr-Coulomb shear strength criterion equation:
where τ (kPa) is the shear strength, SC (kPa) is the soil cohesion, P (kPa) is the normal stress acting on the failure surface and ϕ ( • ) is the angle of internal friction.
A pH-meter model was used to measure the soil pH in a 1:2.5 soil-to-water ratio. The K 2 Cr 2 O 7 wet oxidation method was used to determine the soil organic matter (OM), and the value of soil organic matter was 1.724 times that of soil organic carbon. The soil samples were repeatedly treated with 1 mol/L CH 3 COONH 4 (pH 7.0) to make an NH 4 + saturated soil, and excess CH 3 COONH 4 was washed away with 95% C 2 H 6 O. Then, distillation was carried out by rapid Kjeldahl distiller, and distilled NH 3 was absorbed by H 3 BO 3 . Finally, titration was performed by standard acid, and the amount of soil cation exchange was calculated [47] . A colorimetric method was used for determination of the contents of total nitrogen (TN), available nitrogen (AN) and total phosphorus (TP) in soil extracts based on a Flow Injection Analysis System (FIAS 400 PerkinElmer, Inc, CT, USA) equipped with an AS90 Autosampler (PerkinElmer). The Olsen's method was used for colorimetric determination of the content of available phosphorus (AP) in 0.5 mol NaHCO 3 (pH 8.5) [48] . The content of available potassium (AK) was determined by using flame atomic absorption spectrophotometry [49] . Root density (kg m −3 ) was measured by hand-washing the soil monolith (5 cm in depth, width and length) and drying for 24 h at 60 • C [50].
Assessment of Soil Quality Index (SQI)
The SQI was determined by using a statistical model approach to define a MDS mainly based on principal component analysis (PCA) as described below [37, 41, 51] . The SQI was calculated in three steps: (i) selecting the MDS; (ii) scoring the MDS indicators; (iii) calculating the SQI value by integration of the indicator score. Within each principal component (PC), factor loadings within 10% of absolute-value variation in the highest factor are considered highly weighed [52] . In the case of more than one indicator in one PC, other indicators should be removed by the Pearson's correlation analysis to maintain only the highest weighted indicator [38] . After selection of the MDS indicators, each soil indicator was transformed into numerical values from 0 to 1 using nonlinear scoring function [53] . The sigmoidal function was described by Equation (2):
where S indicates the score of soil indicator; a, the maximum score (a = 1); x, the value of the indicator; were used to plot a 'more is better' or 'less is better' curve, respectively [54] . After numerical score conversion, the soil indicators were integrated into SQI by using Equation (3):
where n indicates the parameter number; Si, the membership value calculated from the Equation (1); Ki, the weighting factor derived from the PCA outcome. In the case of no correlated indicators within a PC, weighting factors are equal to the total variance percentage explained by the PC standardized to unity [53] .
Statistical Analysis
The SPSS 21.0 software was used for all statistical analyses, and the Origin Pro 8.0 software was used for data processing and plotting. The Kolmogorov-Smirnov (KS) test was conducted to determine the normality distribution of the data. If the significance value of the KS test was >0.05, then the distribution of the data was considered not significantly different from normal. The differences in soil indicators and SQI in the three different development stages of collapsing gullies or spatial locations were determined at p < 0.05 by using one-way analysis of variance (ANOVA) and least-significant difference (LSD). Pearson correlation analysis was performed for PCA and correlation matrices among soil indicators. The overall SQI and MDS-scored soil quality indicators were further analyzed by ANOVA to reveal the effect of the collapsing gully erosion on soil quality. Table 2 shows the overall statistical data for the 9 soil physical properties. A close comparison with the non-erosion slope in this region revealed lower BD (1.33, 1.23, and 1.32 kg m −3 at IG (initial stage), AG (active stage), and SG (stable stage), respectively) and higher CP (44.57, 42.96, and 42.89% at IG, AG and SG) in the collapsing gullies, and the capillary porosity and bulk density showed an opposite trend. However, there was no significant difference between the collapsing gullies and non-erosion slope area in BD, CP, gravel content (GR) and hydraulic conductivity (HC). Soil texture analysis indicated that soils in this region had the greatest silt content (51.56-57.26%, lower clay content (16.38-29.29%) and sand content (16.68-29.26%). Clay content was significantly lower in AG (20.58%) than in the non-erosion slope. The gravel content of non-erosion slopes (20.00%) was lower than that of collapsing gullies, and gravel content was highest in AG (27.78%), followed by IG (23.19%) and SG (22.02%). Soil cohesion was significantly higher in the non-erosion slopes than in the collapsing gullies at active and stable stages (p < 0.05), with no significant difference observed in the collapsing gullies at the initial stage. Soil hydraulic conductivity (HC) showed a slight change between the collapsing gullies (0.15 and 0.16 cm min −1 ) and non-erosion slope area (0.14 cm min −1 ).
Results
Soil Physical and Chemical Indicators under Different Collapsing Gullies and Non-Erosion Slopes
Soil nutrient loss and erosion degree or erosion stage were correlated with each other (R 2 > 0.5, p < 0.05). A greater soil loss led to a greater loss in the nutrient pool. TN and TP as well as AN, available phosphorus (AP) and AK tended to be significantly lower in the three collapsing gullies than in the non-erosion slope (p < 0.05) ( Table 3) . TN also showed a significant difference among the three collapsing gullies. OM content showed no significant differences between the non-slope erosion (13.64 g kg −1 ) and the collapsing gullies at the initial stage (10.61 g kg −1 ), but with a significant increase when compared with the active stages (6.80 g kg −1 ) of the collapsing gullies. The loss of nutrients and organic matter mainly occurred during the active stage of the collapsing gully. The cation exchange capacity (CEC) showed the same trend as soil organic matter between the non-erosion slope and the collapsing gullies (Table 3 ). There was no obvious change in soil pH in this study area between the collapsing gullies and non-erosion slope. 
Soil Physical and Chemical Indicators at Different Spatial Locations of Collapsing Gullies
Compared with soil in the upper catchment and slope areas in the collapsing gullies, the soil was loose in the scour channel, with a lower bulk density and soil cohesion, but higher porosity. Specifically, the total porosity was 12.42%, 12.00%, 2.34% and 4.97% higher in the scour-channel than in the upper catchment and three slope positions (upper, middle and lower), respectively ( Table 4 ). The porosity of the scour-channel greatly affects the hydraulic conductivity (HC), leading to a similar distribution of hydraulic conductivity. The soil texture was higher in silt (53.09%−56.14%) and sand (20.38%-26.50%). The clay content was significantly lower in the scour channel than in the upper catchment and slope areas, and showed a gradual increase from upper catchment to lower slope. However, the gravel content exhibited a significant decreasing trend from upper catchment (37.51%) to scour channel (6.37%). Soil chemical properties in the five positions are presented in Table 5 . The spatial distribution of soil nutrients (TN, TP, AN, and AP), pH, and CEC presented no obvious regular changes in the five positions. However, available potassium and soil organic matter showed an obvious increase from upper catchment (45.54 mg kg −1 and 7.65 g kg −1 ) to lower slope (54.44 mg kg −1 and 9.77 g kg −1 ), with the lowest values observed in the scour channel relative to the slope areas, due to the reason that soil layers were covered by vegetation and the root exudate could indirectly increase the soil organic matter content [22] . The values of root density (RD) was highest in the lower slope and lowest in the scour channel ( Figure 3 ). Notes: TN: total nitrogen (g kg −1 ); TP: total phosphorus (g kg −1 ); AN: available nitrogen (mg kg −1 ); AP: available phosphorus (mg kg −1 ); AK: available potassium (mg kg −1 ); OM: soil organic matter (g kg −1 ); CEC: cation exchange capacity (cmol kg −1 ). Different small letters in the same column indicate significant differences p < 0.05. 
Assessment of SQI according to PCA
The 17 soil indicators measured and root density in the experiment were grouped by principal component analysis (Table 6 ). Based on the Kaiser criterion, when the eigenvalue of lower than 1 appeared at PC6, five was the minimal number of components to maintain [55, 56] . The first five PCs all showed the eigenvalue ≥1 and accounted for 80.77% of the total variance. Individually, the five PCs explained 35%, 21%, 11%, 8% and 5% of the total variance. The highly weighted indicators included TN, TP, AN, and CEC in the first principal component (PC1), with the greatest contribution to the component (i.e., P) for their highest factor loading (absolute value) within a 10% variation in the variable value. The redundant variables were determined by correlation analysis within each PC (Table 7) and only TP was retained in the MDS. In the second component (PC2), clay content (CL), soil cohesion (SC) and RD were highly correlated and SC, with the highest component loading. Considering the key role of root density is neither physical nor chemical, this parameter was still maintained in the MDS. In PC3, PC4 and PC5, CP, sand content (SA) and pH were retained for the MDS. TN was selected for the MDS due to its lowest sum of correlation. Finally, the MDS was determined by TN, TP, pH, CP, SA, SC and RD.
The MDS was determined by PCA, the scores of each soil index in the MDS were calculated by using a linear score function, and the weight of each soil quality indicator was determined for the minimum data set (MDS). Equation (2) was used to determine the SQI values for each treatment after the S values were obtained for each indicator in the MDS by linear score function. In Figure 4 , it can be seen that the highest SQI value in the study area was present in the non-erosion slope area, with the mean values of SQI (0.64) being significantly higher than in the other collapsing gullies. The lowest mean SQI value (0.40) was observed at the active stage of the collapsing gully, and soil degradation was higher in the active gully due to the reason that the soil underwent severe erosion and destabilization of the gullies with the transport of fertile topsoil. Furthermore, the mean SQI values showed no significant difference in the initial stage (0.46) and stable stage (0.45) of the collapsing gullies because of slight erosion. Notes: bold factors are considered highly weighted. TN: total nitrogen (g kg −1 ); TP: total phosphorus (g kg −1 ); AN: available nitrogen (mg kg −1 ); AP: available phosphorus (mg kg −1 ); AK: available potassium (mg kg −1 ); OM: soil organic matter (g kg −1 ); CEC: cation exchange capacity (cmol kg −1 ); BD: bulk density (kg m −3 ); CP: capillary porosity (%); OP: total porosity (%); CL: clay content (%); SI: silt content (%); SA: sand content (%); GR: gravel content (%); SC: soil cohesion (kPa); HC: hydraulic conductivity (cm min −1 ). ; TP: total phosphorus (g kg −1 ); AN: available nitrogen (mg kg −1 ); CEC: cation exchange capacity (cmol kg −1 ); CP: capillary porosity (%); CL: clay content (%); SA: sand content (%); SC: soil cohesion (kPa); HC: hydraulic conductivity (cm min −1 ); RD: root density (g cm −3 ). However, a reduction was observed in the SQI value from the upper slope to the scour channel ( Figure 5 ). The SQI values ranged from 0.44 to 0.68 in upper slope and middle slope, with the average value (0.52) being the highest in the different spatial positions of the collapsing gully. The SQI value was slightly lower in the lower slope (average of 0.49) than in the upper and middle slope, but slightly higher than in the upper catchment (average of 0.47), probably due to the lower vegetation coverage in the upper catchment than in the whole slope area. The lowest SQI mean value was obtained for the scour channel (0.39), an average decrease of 17-25% compared to that of the other spatial positions. 
Key Indicators Associated with Collapsing Gullies and Spatial Locations
The soil physical and chemical indicators used for SQI analysis were presented in a radar diagram for determining quantitative patterns of these indicators between collapsing gullies and non-erosion slope area ( Figure 6 ) as well as in different spatial locations (Figure 7) . The different collapsing gullies or spatial locations were indicated by the lines crossing the 7 axes, with better soil quality and low soil degradation being shown by the values at the periphery of the web in contrast to low soil quality and high soil degradation as indicated by increased proximity to the origin. The highest values were observed in the non-erosion slope area for the seven indicators ( Figure 6 ), indicating that soil quality-related physical and chemical properties underwent different degrees of degradation in the collapsing gullies versus the non-erosion slopes. This analysis showed that the limiting factors in the initial stage of the collapsing gully were TP, TN, pH and CP, in contrast to RD, SC and SA as the key contributors to SQI. Meanwhile, the limiting factors to SQI in the active stage of the collapsing gully were TN, RD and SC. When the collapsing gully changed from active to stable, the soil quality generally showed a good trend, resulting in the key soil indicators of TN, RD, SC and SA for the stable gully.
Additionally, in different spatial positions of the collapsing gullies, TP was the limiting factor to the SQI value in the upper catchment, with far lower contribution than in any other positions. The overall soil quality was the same in the upper slope and middle slope, with each key indicator contributing similarly to the SQI value. With the decrease of topography, RD and SC were limiting factors in the lower slope and scour channel, but SA was the key contributor to the SQI in the lower slope, with a higher contribution than in any other positions. Except for TP and pH, the contribution of key indicators was lower in the scour channel than in any other spatial parts. Overall, the soil quality degraded more rapidly in the scour channel than in the other spatial positions. non-erosion slope area ( Figure 6 ) as well as in different spatial locations (Figure 7) . The different collapsing gullies or spatial locations were indicated by the lines crossing the 7 axes, with better soil quality and low soil degradation being shown by the values at the periphery of the web in contrast to low soil quality and high soil degradation as indicated by increased proximity to the origin. The highest values were observed in the non-erosion slope area for the seven indicators ( Figure 6 ), indicating that soil quality-related physical and chemical properties underwent different degrees of degradation in the collapsing gullies versus the non-erosion slopes. This analysis showed that the limiting factors in the initial stage of the collapsing gully were TP, TN, pH and CP, in contrast to RD, SC and SA as the key contributors to SQI. Meanwhile, the limiting factors to SQI in the active stage of the collapsing gully were TN, RD and SC. When the collapsing gully changed from active to stable, the soil quality generally showed a good trend, resulting in the key soil indicators of TN, RD, SC and SA for the stable gully. Additionally, in different spatial positions of the collapsing gullies, TP was the limiting factor to the SQI value in the upper catchment, with far lower contribution than in any other positions. The overall soil quality was the same in the upper slope and middle slope, with each key indicator contributing similarly to the SQI value. With the decrease of topography, RD and SC were limiting factors in the lower slope and scour channel, but SA was the key contributor to the SQI in the lower slope, with a higher contribution than in any other positions. Except for TP and pH, the contribution of key indicators was lower in the scour channel than in any other spatial parts. Overall, the soil quality degraded more rapidly in the scour channel than in the other spatial positions. Figure 6 . The evolution of the aforementioned key indicators in different development stages of collapsing gullies and the non-erosion slope. IG: initial stage of the collapsing gully; AG: active stage of the collapsing gully; SG: stable stage of the collapsing gully; NS: non-erosion slope. TN: total nitrogen (g kg −1 ); TP: total phosphorus (g kg −1 ); CP: capillary porosity (%); SA: sand content (%); SC: soil cohesion (kPa); RD: root density (g cm −3 ). 
Discussion
Soil Properties in Different Collapsing Gullies
Gully erosion is a serious and progressive process, contributing obviously to soil quality degradation [57] . Previous studies have shown that ephemeral gully erosion had obvious influence on the soil physical and chemical properties, leading to progressive reduction of soil quality index with increasing ephemeral gully erosion [27] . In this study, significant differences were observed in the physical and chemical indicators of soils in the three erosion stages, indicating that the development of collapsing gullies plays an important role in soil properties. Chen et al. [22] found that non-collapsible soils had better physical and chemical characteristics like higher amounts of cations and greater cohesive force to resist the shear force, which were consistent with the results of this study. Additionally, the research results also showed that the non-erosion slope had a significantly higher value than the collapsing gully in most soil chemical properties (TN, AN, TP, AP, AK, OM and CEC) and some soil physical properties (BD, CL and SC), indicating that soil physical and chemical quality could be improved by high vegetation coverage and proper soil condition of a non-erosion slope. Jonasson and Michelsen found that plant root and soil microbes immobilized nutrients efficiently, and nutrients such as nitrogen and phosphorus are closely related leaves and fine root biomass of shrubs. This implies that changes of roots and microbes could be important for the supply of plant available nutrients [58] .
The soil surface was most seriously degraded at the active stage of the collapsing gully, with a certain depth of soil being removed in the erosion process. In the three stages of the collapsing gully, the active stage showed the lowest values in the soil properties of AN, AP, OM, CEC and SC (Table  3) . Xia et al. [59] found that the nutrient contents (soil organic matter, total N and available N, P, K) were much lower in the regions strongly influenced by collapsing gully erosion. Compared with the non-influenced or weakly influenced regions, the strongly influenced region exhibited a very obvious decrease in SOM and total N (5.23 and 0.56 g kg -1 , respectively), probably due to poor consolidation and lower vegetation cover of disturbed soil. Previous studies have also shown that gradually reduced erosion or ecological recovery could significantly improve the soil physical properties and nutrients [60, 61] . In this study, soil nutrients were found higher in SG than in the other stages. The 
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Soil Properties in Different Collapsing Gullies
The soil surface was most seriously degraded at the active stage of the collapsing gully, with a certain depth of soil being removed in the erosion process. In the three stages of the collapsing gully, the active stage showed the lowest values in the soil properties of AN, AP, OM, CEC and SC (Table 3 ). Xia et al. [59] found that the nutrient contents (soil organic matter, total N and available N, P, K) were much lower in the regions strongly influenced by collapsing gully erosion. Compared with the non-influenced or weakly influenced regions, the strongly influenced region exhibited a very obvious decrease in SOM and total N (5.23 and 0.56 g kg −1 , respectively), probably due to poor consolidation and lower vegetation cover of disturbed soil. Previous studies have also shown that gradually reduced erosion or ecological recovery could significantly improve the soil physical properties and nutrients [60, 61] . In this study, soil nutrients were found higher in SG than in the other stages. The gravel content was highest in AG, lower in IG and SG, and lowest in NS (Table 4) , which were consistent with the results of Xia et al. [59] . However, significant differences were observed in the clay content, with significantly higher clay content in NS and IG than in AG and SG, probably due to severe soil erosion and the loss of fine particles, which were contrary to the study by Xia et al. [59] . Hydraulic conductivity decreased in the non-erosion slope, probably due to higher clay content and root density. Deng et al. [62] reported that the higher the content of fine soil particles, the lower the hydraulic conductivity will be.
Effects of Spatial Position on Soil Properties in the Collapsing Gully
Spatial variations in soil fertility and texture can be induced by soil erosion along slope positions [63] . Generally, fine soil particles washed from high-altitude topsoil are deposited at low altitudes, and the detached fine particles were preferentially transported to the scour channel, with coarser sand particles being accumulated on the soil surface [64, 65] . In this study, an increasing trend was observed in the clay content, coupled with a decreasing trend in the sand content and gravel content from upper catchment to lower slope (Table 4 ), which were in agreement with the results of Geng et al. [63] . Roots can reduce soil erosion through their chemical bonding and physical binding effects to increase soil stability [66, 67] . In Figure 3 , it can be seen that the root density gradually increased from US to LS, which was in line with the results of Slobodian et al. [68] and Geng et al. [63] . The scour channel was distinct from the other spatial positions in the soil properties. Our results demonstrated that soil physical properties that influence the soil texture were subject to further degradation when closer to the scour channel, leading to the lowest bulk density and the largest porosity in the scour channel. Poesen et al. [4] reported that water infiltration rate may be significantly larger through the gully bottom due to the development of more permeable horizons in the gully channel, which was supported by the finding of significantly larger hydraulic conductivity in the scour channel than in the other spatial positions in the present study ( Table 4 ).
The variation in soil nutrients can facilitate the understanding of the overall soil quality under different spatial positions in the erosion process [69] . Due to little vegetation cover, the soil nutrient content is slightly lower in the upper catchment than in the other positions. In this study, it is an increasing trend of soil nutrients (TN, AP, and OM) from US to LS (Table 5 and Figure 3 ), which were similar to the findings of Ni et al. [70] and Cihacek et al. [71] . The present research was also consistent with the studies by Pan and Bergsma [72] and Pierson and Mulla [73] in the effects of spatial position on soil nutrients. A large amount of soil nutrients and fine particles can be carried to the lower slope by runoff flow, so soil nutrient showed an increasing trend from US to LS. Deng et al. [62] and Ni et al. [70] found that many plant nutrient elements are involved in the chemical composition of fine particles, implicating that the binding of soil organic matter can be enhanced by finer soil particles. As shown in Table 4 and Figure 7 , the clay content was slightly higher in the lower slope than in the other spatial positions, and so was the nutrient content (TN, AN and OM). This result was different from the study in the black soil region of China by Zhang et al. [74] , who reported that the soil nutrient content showed a decrease in the first 20 cm topsoil layer on the slopes and bottom slopes relative to the ridge areas. The soil organic matter values were found to be lower in the scour channel, suggesting the reduction in the resistance of the soil to concentrated flow erosion, leading to decreased soil quality [75, 76] . Therefore, the improvement of soil nutrient and organic matter will reduce its susceptibility to degradation under the influence of gully erosion.
SQI and Key Indicators
The synthetic SQI is important for making sound decisions in soil degradation research. SQI is the result of the selection of the most appropriate properties form the minimum number of soil indicators with a critical influence on soil functions. The present study showed that SQI mainly depends on TN, TP, pH, CP, SA, SC, and RD. Previous studies have shownd that TN and TP are the potential indicators of soil quality [77, 78] , with a slightly higher weighting value and more contribution to SQI. Obade et al. [79] and Rodrigue and Burger [80] have also reported a significant correlation of soil porosity and texture with soil quality. It is the same for the root density and the development trend of vegetation coverage. With the decrease of root density, a significant reduction was observed in the organic matter and other nutrients in the soil derived from root exudates, resulting in a decrease in soil quality and productivity. pH can directly reflect the soil chemical environment, and SC is an important indicator for the resistance of soil to erosion and an important parameter of soil quality, which in principle corresponded to the results of Wang et al. [81] , De Baets et al. [66, 82] and Doran and Parkin [83] .
Collapsing gully erosion causes serious soil degradation. The highest loss in soil quality was observed in the active stage (AG) of the collapsing gully, leading to the lowest mean SQI value (0.40). Compared to the non-erosion slope (0.64), IG (0.46) and SG (0.45) showed no significant difference in the SQI values. Ollobarren et al. [26] mentioned that the SQI value was highest (0.752) in regions not influenced by erosion, and ranged from 0.628 to 0.665 (average of 0.648) in areas subject to ephemeral gully erosion. In this study, the SQI value was very similar from upper catchment to lower slope, but the lowest (0.39) in the scour channel, which is in agreement with several previous studies [25, 26, 30] . Collectively, the soil quality is seriously degraded by collapsing gully erosion, leading to a lower SQI value when compared with other research areas.
Conclusions
In the subtropical hilly region of China, collapsing gully erosion can obviously degrade the soil quality as compared with the non-erosion slope area. The degradation was closely related to the erosion stages as well as the spatial positions of the collapsing gully. Soil chemical indicators, especially the soil nutrients, showed significant differences between the collapsing gullies and non-erosion slope area. The major loss occurred in the nutrients and organic matter in the active stage of the collapsing gully. Soil physical properties were more susceptible than soil nutrients to collapsing gully erosion in the different spatial locations of the collapsing gully. In the cases studied, SQI was mainly dependent on the soil physical characteristics (CP, SA and SC), chemical characteristics (TN, TP and pH), and root density. When compared with the non-erosion slope area, the SQI showed a decrease of 27.85%, 37.78% and 29.29% from IG to AG and SG in the collapsing gully, respectively. In the spatial positions of the collapsing gully, the SQI mean value was lowest in the scour channel (0.39), and not significantly different in the upper catchment and the other slope locations. Above research results indicated that more measures should be taken to protect the soil nutrients (TN and TP) and soil physical properties (SC, SA and CP) in the active stage or the scour channel of the collapsing gullies.
Our study indicated that the SQI method was a useful and practical tool to evaluate soil quality for its quantitative flexibility and accuracy. This study was beneficial for implementing ecological restoration practices and management in degraded collapsing gully areas and other gully areas. However, the soil quality of collapsing gully areas was affected by comprehensive factors from soil environment. Then, more research needs to be done on the soil biological properties (e.g., microbial biomass, active enzymes, etc.) to enrich the knowledge of SQI concerning the collapsing gully erosion.
